A hydrogen production process comprising a membrane reactor and a carbon dioxide separator for the steam reforming of methane at 500°C has been simulated without employing a sweep gas for hydrogen separation, while the one-pass conversion of methane with a membrane reactor is 35% or below. Recycling of the reaction gas increases the apparent conversion of methane, but the conversion is gradually saturated with increasing recycling ratio (molar ratio of recycled gas to feed gas) without carbon dioxide separation. Separation of carbon dioxide from the exit gas of the membrane reactor increases the apparent conversion of methane linearly with increasing recycling ratio and 100% conversion can be attained under conditions suitable for industrial operation.
Introduction
Industrial hydrogen production is generally based on steam reforming of hydrocarbons such as natural gas and naphtha, and the hydrogen is mainly consumed in ammonia plants, methanol plants, and oil refineries 1) . The process requires a high operation temperature above ca. 800°C because of the equilibrium of the endothermic reactions, CH4 + H2O = 3H2 + CO (∆H, 224 kJ mol −1 ) and CH4 + 2H2O = 4H2 + CO2 (∆H, 187 kJ mol −1 ). This high temperature has various disadvantages, e.g., the need for expensive tubular reformers made of high alloy nickel chromium steel with fire burners, irreversible carbon formation in the reactor, high energy consumption, etc. Although a lower reaction temperature is energetically and economically desirable, low-temperature reforming provides insufficient conversion for an industrial process, i.e., steam reforming of methane at 500°C at 2.0 MPa with a H2O/ CH4 molar ratio (S/C ratio) equal to two results in an equilibrium conversion of methane of only 11% (Fig.  1) .
Membrane reactors have been proposed to reduce the reaction temperature 2) 9) . Hydrogen is separated from the reaction mixture using a palladium based membrane, and the separation of hydrogen significantly increases the equilibrium conversion of methane (see Fig. 1 in which the hydrogen separation ratio is defined as the ratio of amount of hydrogen separated to the total amount of hydrogen produced). For example, the methane conversion was increased to close to 90% at 500°C 4) . The process employed a sweep gas to reduce the partial pressure of hydrogen on permeation side of the hydrogen-permeable membrane, which is a common technique to increase the equilibrium conversion. Since the partial pressure of hydrogen on catalyst side must be larger than that on the permeation side for separation of hydrogen, the use of a sweep gas can reduce the hydrogen pressure on catalyst side and result in higher methane conversion. However, the hydrogen must be separated from the sweep gas. For example, in a process for hydrogen production, steam can be employed as the sweep gas and hydrogen separated by the liquefaction of steam 6) , but the process consumes a large amount of steam and loses energy efficiency. In the case of reforming at 500°C and at 2.0 MPa, the partial pressure of hydrogen on the catalyst side is 0.08 MPa to achieve a methane conversion of 80% (see Fig. 1 ). To maintain the partial pressure of hydrogen on the permeation side as low as 0.03 MPa, 2.3 mol of steam (enthalpy at 0.32 MPa, 113 kJ) as the sweep gas is required for efficient separation of 1.0 mol of hydrogen, whereas the heat of the reaction is 46 kJ mol-H2 −1 . Therefore, the partial pressure of hydrogen on the catalyst side should be higher than atmospheric pressure in a commercial hydrogen production system, but this results in insufficient one-pass methane conversion. That is, the equilibrium methane conversion is always smaller than 71% at 500°C and at 2.0 MPa (hydrogen separation ratio, 97%) as in Fig. 1 because the pressure of the hydrogen on the catalyst side is higher than atmospheric pressure. At low reaction pressure, the equilibrium conversion is small, e.g., the equilibrium conversion is lower than 49% at 500°C and at 1.0 MPa (hydrogen separation ratio, 88%). In actual operation of the membrane reactor, the difference in hydrogen pressure between the catalyst and permeation sides should be high to maintain a sufficient flow of hydrogen through the membrane. Thus, the hydrogen separation ratio is estimated to be 90% or less during reforming at 2.0 MPa. Therefore, one-pass operation is impossible with a realistic membrane reactor.
The present study investigated a recycling process comprising a membrane reactor and a carbon dioxide separator, and found that the process can be applied to steam reforming with a membrane reactor.
Method and Models of Calculation
Process simulations were carried out with the PRO/II ® software provided by SimSci Japan. The recycling process was constructed as shown in Fig. 2 . A set of five equilibrium reactors at 500°C and at 2.0 MPa and four hydrogen separators arranged alternately was employed as the model of the membrane reactor. In an ideal membrane reactor, the reaction proceeds mainly by equilibrium shift, so the reaction equilibrium is attained in the entire reactor except for the inlet part represented by reactor 1 in the model. On the basis of previously reported data 4) , we confirmed that a methane conversion close to equilibrium can be achieved in the steam reforming of methane using a membrane reactor. Since the reaction composition at the exit of each model reactor is at equilibrium, the discontinuous change in the reaction composition with progress in hydrogen separation can be obtained in an ideal membrane reactor by calculating the reaction compositions at the exits of the model reactors. In an actual system, a catalyst layer will be located after the end of the membrane to increase the conversion up to the equilibrium; hence, the exit gas composition of reactor 5 must be the same as that in the actual system.
The molar ratio of H2O/CH4 in feed gas was taken as two (concentration of methane, 33%). Since equilibrium formation of carbon monoxide is negligible under these conditions, only the equilibrium of CH4 + 2H2O = 4H2 + CO2 was considered. The performance of the process was evaluated by changing the efficiencies of the separators. The quantity of hydrogen or carbon dioxide separated is equal to the product of the efficiency (EH2 or ECO2, respectively) and the quantity of hydrogen or carbon dioxide, respectively, fed to the separator. An identical value of EH2 was applied to all hydrogen separators in the calculation. The quantity of outlet gas is equal to the product of the efficiency of the gas separator (Egas) and the quantity of the gas fed to the separator, and the composition of the outlet gas is the same as that of the gas before the separation. The methane consumed in the process (apparent methane conversion) can be measured as the ratio of the quantity of carbon dioxide separated from CO2 and gas separators to that of methane in the feed gas.
Results and Discussion

1. Conventional Recycling Process
The efficiency of a conventional recycling process was evaluated by simulating the process in Fig. 2 without carbon dioxide separation (ECO2 = 0%). The equilibrium composition was shifted by the progress in separation of hydrogen (Fig. 3) . One-pass conversion of methane was 35% without recycling (Egas = 100%) for EH2 of 90%. The conversion was 25% and 32% for EH2 of 50% and 80%, respectively. EH2 does not exactly correspond to the hydrogen separation ratio in the calculation model, that is, the ratios at the exit of the last reactor are 72, 82, and 84% for EH2 of 50, 80, and 90%, respectively. Recycling of the reaction gas (Egas < 100%) increased the amount of methane consumed in the reaction. However, the apparent methane conversion was 70% at the recycling ratio (molar ratio of recycled gas to feed gas) of 3.6 for EH2 of 90% (Fig. 4) . The one-pass conversion of methane, which is the ratio of the quantity of methane reacted in the reactors to that of methane in feed and recycle gases (inlet gas), decreased with increasing recycling ratio. The concentration of methane in inlet gas also decreased because the concentration of carbon dioxide was high in the recycled gas ( Table 1) . A recycling ratio of 3.6 required that 4.6 times as much gas must flow into the reactor compared to the one-pass operation to produce a total methane conversion of 70%. This is a significant disadvantage in a practical process because the larger recycling ratio results in higher recycling cost and a larger reactor. In addition, the partial pressure of hydrogen in the reactor decreased significantly with increasing total methane conversion (Fig.  5, ECO2 = 0%) . The partial pressure of hydrogen at the exit of reactor 1 in Fig. 2 was always the highest in the simulation, but the value was 0.12 MPa for EH2 of 90% with apparent conversion of 70%. The low pressure, which is very close to atmospheric pressure, is fatal for the operation of the membrane reactor without using a sweep gas. Thus, the conversion of 70% is impossible in a practical operation without a sweep gas. 
2. Recycling Process with CO2 Separation
Carbon dioxide is the other product of steam reforming at 500°C. Removal of carbon dioxide should be effective to shift the equilibrium of the reaction. For ECO2 of 50%, the total methane conversion increased linearly with increasing recycling ratio and reached 100% at the recycling ratio of 3.2 with EH2 of 90% (Fig. 6) . For ECO2 of 80%, the total methane conversion reached 100% at a lower recycling ratio (Fig. 7) . The one-pass conversion decreased with increasing recycling ratio, but the decrease was not so large as for ECO2 of 0% in Fig. 4 because of the lower CO2 concentration in the inlet gas (see Table 1 ). In addition, the separation of carbon dioxide resulted in higher CH4 concentration of the inlet gas and consequently higher yield of hydrogen in the reactor. The partial pressure of hydrogen at the reactor exit did not greatly decrease with increasing recycling ratio (see Fig. 5 ) because of carbon dioxide separation. Therefore, the presence of a carbon dioxide separator in the recycling system improves the hydrogen production process employing a membrane reactor.
Reactor Size of the Process
A standard capacity of an industrial plant is a daily hydrogen production of one million m 3 in STP or 1860 kmol h −1 . A palladium membrane with a thickness of 4.4 µm is available 4) . The hydrogen flux at 500°C is 7.5 kmol m −2 h −1 MPa −0.5 as controlled by (Pc 0.5 − Pp 0.5 ) where Pc and Pp are partial pressures of hydrogen on the catalyst and permeation sides, respectively 10) . If the catalytic activity and the heat supply are adequate, the reaction rate depends on the rate of hydrogen permeation through the membrane. For EH2 of 90%, ECO2 of 80%, and Egas of 0%, which produces an apparent methane conversion of 100% with a recycling ratio of 2.6, the change in the partial pressure of hydrogen is gradual ( Table 2 ) and this allows an estimation of the total area of the membrane required of 1794 m 2 (weight of Pd, 103 kg) for hydrogen production of 1860 kmol h −1 from the reported performance 4) . The size should be similar to that in the process employing a sweep gas because the partial pressure of hydrogen on the catalyst side is significantly lower than in the proposed process to yield a higher one-pass conversion of methane and the H2 pressure difference, to which the hydrogen flux relate, will be close to that of the proposed process. If the diameter of the tubular membrane is 0.05 m, the total volume of the membrane will be 22.4 m 3 . Assuming that the total size of the catalyst bed is 50 m 3 , the space velocity and hydrogen production rate will be 2250 h −1 and 37.1 kmol h −1 dm −3 , respectively. The hydrogen production rate of an industrial Ni/Al2O3 catalyst placed in a membrane reactor at 500°C is 17.5 kmol h −1 kg −1 4) . Since the density of the catalyst is usually larger than 2 kg dm −3 , the industrial catalyst has almost adequate activity. Hence, the total size of the membrane reactor will be as small as ca. 100 m 3 (5 m × 5 m × 4 m), but further development in membrane and catalyst is necessary. Carbon dioxide separators are used in conventional steam reforming processes for separation of hydrogen, and can be applied to the new process. A process employing an amine-absorption method consumes steam (0.32 MPa) of 132 kJ mol-CO2 −1 , i.e., 33 kJ mol-H2 −1 in the new hydrogen production system 11) . The energy consumption is significantly lower than that using sweep gas. In addition, highly concentrated carbon dioxide has economic value as a raw material for carbonated drinks, dry-ice, etc. A carbon dioxide separator employing solid adsorbent has been patented 12) , and is expected to be more efficient.
Conclusions
The maximum conversion of methane in a membrane reactor is limited by the partial pressure of hydrogen produced by the steam reforming of methane. If the reaction gas is simply recycled, (1) apparent methane conversion can be increased, but not high enough for practical operation, (2) one-pass conversion and partial pressure of methane in the reactor decrease significantly with increasing quantity of recycling gas, and (3) the hydrogen pressure of the reactor also greatly decreases with increasing quantity of recycling gas. The decrease in hydrogen pressure is fatal for a practical process because of the associated decrease in the H2 separation efficiency of the reactor. A recycling process employing a carbon dioxide separator can overcome these problems. For example, apparent methane conversion reaches 100% at a recycling ratio of 2.6 with a membrane reactor achieving a one-pass conversion is 31% when 80% of carbon dioxide is separated. The reactor size estimated from the simulation is adequate for the industrial production of hydrogen.
